Printing fully solution-processed organic electronic devices may potentially revolutionize production of flexible electronics for various applications. However, difficulties in forming thin, flat, uniform films through printing techniques have been responsible for poor device performance and low yields. Here, we report on fully solution-processed organic thin-film transistor (TFT) arrays with greatly improved performance and yields, achieved by layering solution-processable materials such as silver nanoparticle inks, organic semiconductors, and insulating polymers on thin plastic films. A treatment layer improves carrier injection between the source/drain electrodes and the semiconducting layer and dramatically reduces contact resistance. Furthermore, an organic semiconductor with large-crystal grains results in TFT devices with shorter channel lengths and higher field-effect mobilities. We obtained mobilities of over 1.2 cm 2 V 21 s 21 in TFT devices with channel lengths shorter than 20 mm. By combining these fabrication techniques, we built highly uniform organic TFT arrays with average mobility levels as high as 0.80 cm 2 V 21 s 21 and ideal threshold voltages of 0 V. These results represent major progress in the fabrication of fully solutionprocessed organic TFT device arrays. P rinted electronics has garnered significant attention from research and industry because the pairing of conductive, insulating, and semiconducting materials with printing technologies enables one to make thin, lightweight and low-cost electronic devices and systems 1,2 . Organic semiconductors are particularly suitable for printed electronics because they can be processed in solution 3-5 . Moreover, several promising solutionprocessable organic semiconductor materials have recently been reported 6-8 . Organic materials possess intrinsic mechanical flexibility because of their loose Van der Waals bonding between organic molecules, and they make durable flexible organic devices feasible 9-11 . In particular, flexible thin-film transistor (TFT) devices have recently been developed that have good electrical performance 6-8 , low operating voltages 12-14 , and operational stability [15] [16] [17] .
air and a low contact resistance (1.8 kVcm) at gate-source voltage of 20 V. The high yields enabled us to conduct statistical analyses of many solution-processed organic TFT devices produced on the same flexible substrate. The analysis revealed a normal distribution in electrical performance, and this information can be used to simplify the circuit design for fully solution-processed organic electronics.
Results and discussion
Fabrication of organic TFT device arrays on plastic films. Fully solution-processed organic TFT devices were fabricated in a 10 3 10 array on 125-mm-thick polyethylene naphthalate (PEN) films with a maximum process temperature of 150uC. Figure 1 shows a schematic illustration and photographs of the TFT device. New materials developed by Merck were employed for the organic semiconductor, gate dielectric, and electrode treatment layers [34] [35] [36] . For the electrodes, two formulations of silver nanoparticle ink were used, one for the gate electrodes, in order to form flat surface profiles, the other for the source/drain electrodes, to improve carrier injection into the semiconducting layer. Apart from these materials, cross-linked poly-4-vinylphenol (PVP) and fluoropolymer were used for the planarization layer and bank layer, respectively. An ink-jet printing system and dispenser equipment were used to pattern these materials.
To reduce their surface roughness, the PEN substrates were coated with a 80-nm-thick cross-linked PVP layer, which was deposited using a spin-coating process and cured at a temperature of 150uC. The surface of the cross-linked PVP layer was treated using an oxygen plasma to change the surface wettability. Silver nanoparticle ink was patterned with an inkjet printer onto the cross-linked PVP layers to form the gate electrodes. Following printing, the substrates were stored under controlled temperature and relative humidity conditions in order to planarize the printed electrodes 37 . After the drying process, the substrates were heated at 140uC for 1 hour to sinter the silver nanoparticles. The fabricated silver gate electrodes had uniform thicknesses of about 100 nm. After forming these electrodes, a solution of dielectric polymer materials was spin-coated to form 600nm-thick gate dielectric layers. After spin coating the dielectric layers, the substrates were heated at 120uC for 1 min on a hotplate, and then cross-linked by using a UV treatment. A separate silver nanoparticle ink was then patterned using an inkjet printer to form the source/drain electrodes, which defined the TFT device geometries. The source/drain electrodes were treated using a self-assembled monolayer (SAM), which was prepared by immersing the substrate for 1 min. 200-nm-thick fluoropolymer bank layers were then printed by using dispenser equipment. The bank layers were used for separation of the semiconducting layers between devices. Finally, a p-type organic semiconducting layer was deposited using dispenser equipment into the area defined by the bank layer, which was then baked at 100uC for 1 min on a hotplate. The ionization potential of the layer used in this study was 5.4 eV. We fabricated several individual TFT devices, which had differing channel widths and lengths. The channel width and length in the array were 1061 6 8 and 22 6 5 mm, respectively (see supporting figure S3 ). The details of the processing can be found in the methodologies section.
Organic TFT device characterization. Figure 2a shows the transfer characteristics of the fabricated TFTs, having the same W/L ratio of 50, with and without applying a SAM treatment to the source-drain electrodes. The SAM modification process improved the transistor electrical characteristics dramatically, whereby on-current increased from 1.6 mA to 27 mA and the estimated mobility the in saturation regime increased from 0.02 cm 2 V 21 s 21 to 0.9 cm 2 V 21 s 21 . We also observed the crystallinity of semiconducting layer between source/ drain electrodes with a polarization microscope, as shown in Figure 2b . Both devices had nearly identical crystalline domains, even though there were large differences in mobility between the devices with the SAM treatment and those without it. The experimental values summarized in Table 1 are the work functions of the treated and untreated silver electrodes measured by using photoemission spectroscopy and their surface energies estimated with the Owens-Wendt method. The work function changed from 4.7 eV before the SAM treatment to 5.3 eV after, but the surface energy did not change.
The carrier injection barrier at the interface between the metal and organic material layers is commonly described by conventional metal-to-semiconductor contact mechanisms 38 . The addition of a carrier injection layer to reduce the energy barrier between the organic semiconducting layer and source/drain electrodes has been well studied [38] [39] [40] [41] . Besides the injection layer, the crystallinity of the semiconducting layer affects the electrical performance of organic TFT devices, especially those based on solution-processed semiconducting layers 6, 7, 42 . In this study, it was found that the SAM treatment affected neither the surface energy of the source/drain electrodes nor the crystalline structure of the semiconducting layer. However, the SAM modification process did change the work function of those electrodes and, as a result, the energy gap between the work function of the source-drain electrodes and the ionization potential of the organic semiconducting layer decreased from 0.7 eV to 0.1 eV. This matching between the electrode work function and the semiconducting layer ionization potential resulted in significant improvements in the electrical performance of our TFT devices. Therefore, it can be said that the SAM-treated source/drain electrodes had reduced carrier injection and lower the contact resistance relative to the non-treated electrodes. Furthermore, it is known that the work functions of printed electrodes are sensitive to the surrounding ambient or process conditions 31, 32 . These results strongly suggest that printed electrodes should be treated properly in order to reduce the energy barrier between the organic semiconducting layer and source/ drain electrodes. We estimated the contact resistance (R C ) of the fabricated TFT devices using a transfer-line method 43 . The fabricated TFT devices exhibited disparities in their mobility levels; therefore, we used only the TFT devices with mobilities of more than 0.8 cm 2 V 21 s 21 for our estimation of R C . Figure 3a plots the channel width-normalized total on-resistance (R ON ) as a function of channel length. R C was obtained by extrapolating the linear fit to a channel length of zero and plotted as a function of gate-source voltage (V GS ) ( Fig. 3b ). R C decreases with increasing gate-source voltage, likely due to an increase in carrier density in the channel and near the contacts. R C decreased to a value as low as 1.83 kVcm, a remarkably low contact resistance value for fully solution-processed organic TFT devices, which is attributed to there being a low energy barrier between the printed organic semiconducting layer and source/drain electrodes.
Dependence of TFT electrical characteristics on channel length.
Next, we evaluated the dependence of the electrical performance of fabricated TFT devices on the channel length. Figure 4a shows the field effect mobility of the TFT devices with SAM-treated source/drain electrodes in the saturation region as a function of channel length. These plots clearly show a correlation between the channel length and mobility, such that mobility decreases almost linearly with channel length between 10 mm and 150 mm. A fitted regression line has negative slope and a correlation coefficient R 2 of 0.57. In general, the mobility of organic TFTs decreases as the channel length decreases below 20 mm because of large contact resistance values 44, 45 . Gundlach reported a similar channel length dependence in organic TFTs with solution-processed semiconductors and discussed the www.nature.com/scientificreports relation between such tendencies and the crystal structure of the semiconducting layers 42 . Accordingly, we observed the channel region of the TFTs using the polarizing microscope and estimated the degree of crystallinity in the channel layer. Four images of the channel region of TFTs with different mobilities and channel lengths are shown in Figures 4b-e. First, we compared the two TFTs with the same channel length (110 mm), but with different mobilities. The TFT with a higher mobility (0.81 cm 2 V 21 s 21 ) had semiconducting layers with large crystalline domains, as shown in Figure 4b . Here, a single crystalline domain covered the entire length of the channel layer. In contrast, the TFT with the lower mobility (0.34 cm 2 V 21 s 21 ) exhibited needle-like crystalline structures ( Fig. 4c ). Here, the many grain boundaries between the source and drain electrodes resulted in relatively low mobility levels.
Next, we compared the other two TFTs with different channel lengths. Figure 4d shows an image of TFTs with a channel length of 24 mm and mobility of 1.24 cm 2 V 21 s 21 , and Figure 4e shows an image of TFTs with a channel length of 140 mm and mobility of 0.45 cm 2 V 21 s 21 . As can be seen in the polarizing microscope images, these two TFTs had similar crystalline layers, each with domain sizes of approximately 30 mm. The relatively large domain sizes produced single-domain crystalline layers that extended across the short channel length region between the source and drain electrodes. However, there were several grain boundaries between the source and drain electrodes for TFTs with wider channel lengths, which would inhibit carrier transport between these electrodes. These results are consistent with previous studies [46] [47] [48] . These observations suggest that printed organic TFT devices with a short channel length may be able to have a high mobility and excellent frequency response if the source-drain electrodes can be appropriately modified such that the single crystalline domain within the semiconducting layer can cover the entire channel region. Moreover, in terms of electrical performance, these short-channel TFT devices are the best among fully solution-processed organic TFT devices reported so far 49, 50 and comparable with those using non-printed source/drain electrodes. A non-printed device made from the same semiconductor material, evaporated Al gate and Au source/drain electrodes, and the same treatment processes operated with a mobility of 1.7 cm 2 V 21 s 21 (see supporting figure S11 ). This comparison in mobility between fully printed and non-printed devices indicates that our fully printed TFT devices get the best possible electrical performance from the given semiconductor material.
Mechanical and operation stability. To demonstrate the flexibility of the fabricated devices, tensile strains were applied to the organic TFT devices. The strains were parallel to the source-drain current paths, and the electrical performances of the devices were evaluated before, during, and after the application of strain. We applied bending strains with radii (R) ranging from 11 mm to 4 mm, corresponding to an induced surface strain from 0.57% to 1.6%. The electrical behavior of the devices was characterized during the systematic application of tensile strain. Figure 5a shows the transfer characteristics of a device with a channel length of 60 mm. The gate voltage V GS was swept from 10 to 220 V while V DS was kept at 220 V. In agreement with previous reports, this fully printed device exhibited a decrease in saturation on-current I DS upon the application of tensile strain [51] [52] [53] . The transfer characteristics completely returned to the initial state after the tensile strain. The change in the on-current was 215% at 1.6% tensile strain. The normalized on-current is plotted as a function of tensile strain in Figure 5b . The current change was linearly proportional to the applied surface strain. This indicates that the origin of the current change in fully printed organic TFT devices under strain is essentially the same as that of the evaporated organic TFT devices 51, 52 . A stress cycle was also applied to the TFT devices. First, the device was bent upwards from a flat state into one with a 6.25 mm radius which corresponded to a 1.0% tensile strain, and was immediately released to unbend back into the flat state. After that, the FET was bent downwards to R 5 6.25 mm and released. This bending cycle was repeated at a rate of 30 times a minute. Figure 5c plots the normalized I DS as a function of the number of outward bending cycles. Even after 1000 full cycles, the change in on-current amounted to less than 5%. This excellent flexibility is attributed to the strong fusion of the electrodes with the underlying dielectric surfaces and semiconducting layers. These results show the feasibility of using fully printed electronic devices in flexible systems.
We also evaluated the operational stability of the devices. We estimated the change in threshold voltage (DV TH ) as the devices were stressed with constant bias voltages (V GS 5 V DS 5 220 V) from their transfer characteristics. Figure 6a shows the changes in transfer characteristics before and after stressing the devices for 10 3 and 10 4 s in ambient air. Though the transfer characteristics shifted slightly in the negative direction, the other key electrical parameters such as on/off ratio and field-effect mobility did not change with the negative gate bias stress. DV TH as a function of stress time is plotted in Figure 6b . DV TH was 1.1 V at 10 3 s and 2.1 V at 10 4 s. This level of operational stability is comparable with evaporated organic TFT devices 54 and could be further improved by using appropriate suppression techniques such as surface treatment of the dielectric layers and/or a combination of dielectric layers 17, 55 .
Organic TFT array characterization. A fully solution-processed organic TFT array (10 3 10 layout) was fabricated on a 40 mm 3 40 mm PEN film, and 99% of the fabricated TFT devices functioned well. The high yield was largely the result of fully solution-processed gate electrodes with flat profiles 37 , and it enabled a statistical evaluation to be carried out on the devices within the TFT array. The transfer characteristics and output characteristics of a typical device in the array are shown in Figures 7a and 7b . The transistor exhibited excellent electrical performance with no hysteresis in either the transfer or output characteristics. The output characteristics showed good linearity in the low source-drain voltage region (V DS , 5 V), which indicates there was good ohmic contact between the source/drain electrodes and the semiconducting layer. Figures 7c-e plot the distributions of various transistor-performance values. The mobility in the saturation regime was on average 0.80 6 0.23 cm 2 V 21 s 21 , and the maximum value was 1.5 cm 2 V 21 s 21 . The average threshold voltage was 0.0 6 1.7 V. These variations are comparable with those of organic TFT devices with thermally evaporated metal source/drain electrodes on glass substrates 6, 56 . The on/off current ratios ranged from 10 4 to 10 9 , and the primary reason for this wide discrepancy is variations in off-current. There are two main causes of the off-current variations. One is the properties of the gate dielectric layer. The printed gate layers had a relatively large surface roughness of 3 nm and a thickness of 100 nm; as a result, some TFT devices exhibited large gate leakage currents, and that led to larger offcurrents. The second reason is the crystalline structure of the semiconducting layer. Thicker semiconducting layers tend to exhibit larger off-current levels, resulting in smaller on/off current ratios. These variations in on/off current could be suppressed by using improved fabrication techniques for the gate dielectric and semiconducting layers. in two dimensions with the intensity of the color representing the measured performances. These plots indicate that the variations in device performance appear randomly on the same substrates. The remaining variations in performance of devices within the array were caused by differences in the crystallinity of the semiconducting layer. Indeed, the crystallinity varied from device to device (see supporting Figure S2 ), and this indicates that the crystal growth of the solution-processed organic semiconducting layer should be more precisely controlled in order to achieve uniform electrical characteristics. In addition, deviations in critical device dimensions such as the channel length and channel width were responsible for some of the variation. Both the channel width and length followed statistically normal distributions (see supporting Figure S3 ). Interestingly, mobility and threshold voltage also followed normal distribution curves, as shown in Figures 7c and 7d , despite the variations in the crystallinity of the semiconducting layer. These variations (standard deviations) in performance across TFT devices could be suppressed by better controlling the device dimensions. The high performance and relatively high uniformity of our fully solution-processed organic TFT device arrays demonstrate the feasibility of using them in the design of reliable digital logic circuits.
Conclusion
We fabricated organic TFT arrays on plastic film substrates by using solution processes performed on ink-jet printer and dispenser equipment. The results of our study demonstrate the tremendous potential that exists for printed electronics. By making improvements to the materials, modifications to the design of the electrodes, and forming uniform and flat electrodes, we can fabricate fully solution-processed organic TFT arrays with a high yield and excellent electrical characteristics at low operating voltages. Our results show a clear correlation between the semiconductor layer's crystallinity and the channel length with the electrical performance of the organic TFTs. The statistical analysis of the TFT array obtained useful data for designing organic TFT devices and circuits for practical applications. These fabrication methods will help enable novel low-temperature, low-cost, large-area manufacturing of printed electronics. Methods Device fabrication. A 125-mm-thick PEN film (Teijin DuPont Films, TeonexH) was used as the flexible substrate, and cross-linked PVP was used as the planarization layer. PVP (Mw , 25000, Sigma Aldrich Co.) and poly(melamine-co-formaldehyde) (Mn , 432, 84 wt%, Sigma Aldrich Co.) as a cross-linking agent were mixed in propylene glycol monomethyl ether acetate (PGMEA). The PEN substrates were coated with an 80-nm-thick cross-linked PVP layer to reduce the surface roughness, which was deposited by spin-coating and cured at a temperature of 150uC. The surface of cross-linked PVP layer was then treated for 1 min with oxygen plasma (plasma power of 100 W) to change the surface wettability. Silver (Ag) nanoparticle ink in aqueous solvent (DIC Corp., JAGLT-01) was patterned with an inkjet printer (Fujifilm Dimatix, model DMP2800) onto the cross-linked PVP layers by using a print head with 10 pl nozzles to form the gate electrodes. The Ag nanoparticle ink was printed using a customized waveform, and the droplets were deposited with a dot-todot spacing of 60 mm. During the inkjet patterning process, the substrate temperature was maintained at 30uC. After printing, the substrates were stored for 30 min in an environmental test chamber (ESPEC, model SH-221) in which the temperature was held at 30uC and relative humidity was held at 95% in order to planarize the electrodes 37 . After the drying process, the substrates were heated at 140uC for 1 hour to sinter the silver nanoparticles. The fabricated silver gate electrodes had a uniform thickness of about 100 nm. After forming the electrodes, a solution of polymer dielectrics (Merck, lisiconH D207) was spin-coated to form 600-nm-thick gate dielectric layers. This dielectric material has a relative permittivity of 2.8, which corresponds to a capacitance of 4.1 nF cm 22 . After spin coating of the dielectrics, the substrates were heated at 120uC for 1 min on a hotplate, and then cross-linked by using a UV treatment (Ushio Inc., model UX-3). The wavelength of the UV radiation was 365 nm, and the dosage was 2650 mJ cm 22 . Silver nanoparticle ink in a tetradecane-based solvent (NPS-JL, Harima Chemicals) was patterned with an inkjet printer to form the source/drain electrodes. The droplets were deposited with a dotto-dot spacing of 60 mm. The TFT device geometry was defined by the patterning data of inkjet printing. A self-assembled monolayer (SAM) treatment for source/drain electrodes (Merck, lisiconH M001) was prepared by dipping the substrate into a solution of propanol for 1 min. Then, a solution of fluoropolymer (DuPont TM , TeflonH AF 1600) in Fluorinert (3M TM FC-43) was used as a bank layer and printed by using dispenser equipment (Musashi Engineering, Image Master 350 PC) that included a three-axis table and an air dispenser, both of which were computercontrolled to dispense and pattern the solution. The 200-nm-thick fluoropolymer bank layers were printed at a patterning speed of 20 mm/s and discharge pressure of 7 kPa. The substrate and nozzle temperature were maintained at 30uC during the dispenser patterning process. After printing of the bank layer, the substrates were stored in air ambient for 10 min to evaporate (dry) the solvent from the fluoropolymer solution. Finally, a mesitylene-based formulation of a soluble smallmolecule organic semiconducting layer (Merck, lisiconH S1200) with a deep ionization potential of 5.4 eV was printed into the area defined by the bank layer by using dispenser equipment at a patterning speed of 20 mm/s and discharge pressure of 1 kPa. The substrate and nozzle temperature were maintained at 30uC during the dispenser patterning process. After patterning the semiconducting layer, the substrates were baked at 100uC for 1 min on a hotplate.
Device characterization. The electrical characteristics of the fabricated capacitors and TFT devices were measured by using a semiconductor parameter analyzer (Keithley, model 4200-SCS). All electrical measurements on the organic TFT devices were carried out in air ambient. The surfaces of the fabricated devices were observed using a laser microscope (Olympus, model OLS-4000) and polarization microscope (Nikon ECLIPSE ME600). The work function of the source/drain electrodes was measured using photoemission spectroscopy (Riken Keiki Co., Ltd., model AC-3). The surface energy of the treated and un-treated source/drain electrodes were estimated by using the Owens-Wendt method and a contact angle meter (Attension, model Theta T200-Basic) 57 .
